The 83 Kr magnetic resonance (MR) relaxation time T 1 of krypton gas in contact with model surfaces was previously found to be highly sensitive to surface composition, surface-to-volume ratio, and surface temperature. The work presented here explored aspects of pulmonary 83 Kr T 1 relaxation measurements in excised lungs from healthy rats using hyperpolarized (hp) 83 Kr with approximately 4.4% spin polarization. MR spectroscopy without spatial resolution was applied to the ex vivo lungs that actively inhale hp 83 Kr through a custom designed ventilation system. Various inhalation schemes were devised to study the influence of anatomical dead space upon the measured 83 Kr T 1 relaxation times. The longitudinal 83 Kr relaxation times in the distal airways and the respiratory zones were independent of the lung inhalation volume, with T 1 = 1.3 s and T 1 = 1.0 s, depending only on the applied inhalation scheme. The obtained data were highly reproducible between different specimens. Further, the 83 Kr T 1 relaxation times in excised lungs were unaffected by the presence of up to 40% oxygen in the hp gas mixture. The results support the possible importance of 83 Kr as a biomarker for evaluating lung function.
techniques have been developed that are based on these two noble gas isotopes with nuclear spin I = 1 2 (Moller et al 2002 , Cherubini and Bifone 2003 , Lutey et al 2008 , Santyr et al 2009 . The immediate task for advancing hp gas based magnetic resonance (MR) techniques is to better understand lung function and to develop new biomarkers for various lung pathologies. Demonstrated examples are direct gas density imaging that provides insights into ventilation defects caused by chronic obstructive pulmonary disease (COPD) and smoking (de Lange et al 1999) or restricted ventilation caused by asthma (Altes et al 2001 , Samee et al 2003 , Tustison et al 2010 . The apparent diffusion contrast (ADC) is related to alveolar size and is a biomarker for COPD with some research suggesting that it is a sensitive approach for detecting the early stages of COPD (Yablonskiy et al 2002 , Peces-Barba et al 2003 , Fain et al 2005 , Altes et al 2006 , Woods et al 2006 , van Beek et al 2009 . The large gyromagnetic ratio of 3 He makes the relaxation of this isotope (and to a lesser extent the relaxation of 129 Xe) sensitive to the presence of paramagnetic substances (Abragam 1961) . Molecular oxygen, O 2 , is the only paramagnetic molecule present in sufficient quantities in the inhaled gas to influence 3 He relaxation. The T 1 relaxation of 3 He can therefore provide information about alveolar oxygen partial pressure (Fischer et al 2005 , Cieslar et al 2007 , Yu et al 2008 . Hp 129 Xe, with high tissue solubility and 300 ppm chemical shift range (Goodson 2002) , has been applied to study gas exchange in lungs (Ruppert et al 2000 , Driehuys et al 2006 , Cleveland et al 2010 . Hp 129 Xe was also explored for molecular imaging using functionalized xenon biosensors , Schroder et al 2006 and was infused directly into blood for MR imaging applications .
The recent development of hp 83 Kr MR (Pavlovskaya et al 2005 provides potentially a new pulmonary biomarker that utilizes the nuclear electric quadrupole moment of 83 Kr as a probe for surfaces. Hyperpolarization of the spin I = 9/2 isotope 83 Kr is achieved by spin exchange optical pumping (SEOP) in a stopped flow mode for 10-15 min (Walker and Happer 1997, Cleveland et al 2006) . The gas phase relaxation time, T 1 , is on the order of hundreds of seconds at atmospheric pressure (Brinkmann and Kuhn 1980 and is therefore sufficiently long to separate the hp 83 Kr from the rubidium vapor used in the SEOP process without substantial depolarization . The separation of the highly reactive and therefore toxic alkali metal is crucial for any pulmonary application. The 83 Kr gas phase relaxation time, T 1 , is shortened in the presence of a surface and is inversely dependent on the surface-to-volume ratio . In porous media, the T 1 of 83 Kr is affected by surface composition , surface hydration (Cleveland et al 2007) , and surface temperature . The sensitivity of 83 Kr relaxation to surfaces that are in contact with the hp gas arises from interactions of the nuclear electric quadrupole moment with the electric field gradient (EFG) from the electronic environment surrounding the krypton nucleus. In the case of noble gas atoms, an EFG is typically caused by distortions of the electron cloud of the noble gas atom during surface adsorption. This effect can provide T 1 contrast in MRI (Pavlovskaya et al 2005 Kr provided the proof of concept of 83 Kr relaxation as a surface sensitive contrast agent in model systems (Pavlovskaya et al 2005) and demonstrated the feasibility of hp 83 Kr MRI in rat lungs . This work explores the effects that influence pulmonary hp 83 Kr T 1 relaxation measurements using excised lungs of healthy rats. A spatially non-resolved MR spectroscopy study of hp 83 Kr relaxation as a function of pulmonary inhalation in excised rat lungs using natural abundance krypton (i.e. 11.5% 83 Kr) is reported here expanding the potential role of this new technique for evaluating and monitoring lung function in health and disease.
Materials and methods

Spin exchange optical pumping of 83 Kr
Hyperpolarized (hp) 83 Kr was produced with two 35 W diode array lasers (Spectra Physics, Santa Clara, CA) line-narrowed to 0.3 nm at the Rb D1 transition of 794.7 nm. The laser power available for SEOP was approximately 30 W for each of the lasers after accounting for losses in the optical elements used for the experiments. The lasers were oriented such that simultaneous illumination of the cylindrical glass SEOP cell (Pyrex glass, no surface treatment, ID = 28 mm, length = 125 mm) was achieved. Stopped flow SEOP was employed as previously described using 10-20 min laser irradiation at a pump cell pressure of 135 kPa. Each SEOP cell was loaded with 1 g of Rb (99.75%; Alfa Aesar, Ward Hill, MA) and the krypton mixture was produced from research grade gases (Airgas, Radnor, PA) comprised of 25% krypton (99.995% pure), 5% nitrogen (99.9997% pure), and 70% helium (99.9999% pure). The SEOP system was constructed of glass and PTFE tubing using brass valves and unions as necessary. Due to fast quadrupolar relaxation on siliconized or silanized surfaces (Wu et al 1990 all glassware that was in contact with hp 83 Kr was used without surface treatment of any kind. All other materials in contact with hp 83 Kr were also used as supplied without modification of the surfaces. During operation the SEOP cell containing the gas mixture was kept at a temperature of 438 ± 5 K using a temperature controlled air flow to provide even heating across the cell. All SEOP operation took place in the fringe field of the superconducting magnet at approximately 50 mT. Rb free hp gas of 40 ml was transferred through equalization to ambient pressure into the injection syringe with variable storage volume V A (see figure 1) . Note that the ambient pressure isp ≈ 83 kPa at the laboratory location in 1500 m elevation. An air-cooled condenser was at the outlet of the SEOP cell was used to separate the Rb vapor from the hp gas. The hp gas was then transferred further (section 3.2), without separation of the krypton from the SEOP mixture, for ventilation into the lungs (section 2.3).
Animal care and usage
Following the University of Colorado Health Sciences Center approved protocol, 30 healthy, male Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, MA) rats (175-400 g) at the time of lung excision were anesthetized with ketamine (80 mg kg −1 ) (University of Colorado Hospital pharmacy) and xylazine (16 mg kg −1 ) (MWT Veterinary Supply, Meridian, ID). 100 USP units heparin (American Pharmaceutical Partners, Inc., Schaumburg, IL) injected into the anesthetized animal via the right ventricle of the heart were allowed to circulate for 10-15 s before lungs were placed on a ventilator. The lungs were perfused with 50 ml of Belzer-MPS solution (UW Kidney Preservation Solution, Trans-Med Corporation, Elk River, MN) and the trachea was clamped at the time of inhalation to avoid collapsing the airways while removing the heart and lungs en bloc from the chest cavity. The excised lungs were then cannulated with a plastic adapter tube and positioned 5 mm above the bifurcation of the lungs 
Ex vivo lung ventilation
Following excision, the lungs, with the heart still attached, were immediately transferred into a Pyrex ventilation chamber (inner diameter = 34 mm and height = 100 mm) with the main trachea pointing downward as shown in figures 1(a)-(c). The lung trachea was connected via the adapter tube to the access opening in the bottom of the ventilation chamber that allowed for ventilation after the lungs were immersed in ∼60 ml of Belzer-MPS solution. The lungs were then inflated to 5-6 ml of air and transported to the imaging facility at a temperature of 277 K. Prior to all experiments, the lungs submerged in the ventilation chamber were inflated to 1 ml above the maximum inhalation volume used in the measurements. This procedure was undertaken to check if any gas bubbling was occurring from the sutures connecting the trachea to the adapter tube, or from the lung itself since any leakage could affect the apparent relaxation behavior. All lungs were kept at 290 K for the experiments, a temperature that corresponded to the bore temperature of the superconducting magnet.
Lung inhalation was accomplished through suction above the Belzer-MPS solution using a syringe (i.e. ventilation syringe) attached to the top of the ventilation chamber as shown in figure 1. The applied suction allowed for the lung to inhale to the desired inhalation volume V i (see figure 1(c) ). The ventilation syringe was calibrated prior to the experiments by correlating the applied 'suction volume' V s with the displacement volume of the Belzer-MPS solution and therefore with the inhaled gas volume V i in the lungs. The displacement volume was determined through the rise of the liquid level in the ventilation chamber. After calibration, this procedure provided good control of the inhaled gas volume V i during the experiments inside the MR magnet when the lungs were shielded from the view. Note that the ventilation chamber enabled the ex vivo lungs to actively inhale the gas, rather than being passively inflated by a pressurized gas.
Longitudinal relaxation measurements
T 1 measurements were obtained with a 43 mm (inner diameter) saddle coil tuned to 15.4 MHz 83 Kr resonance frequency at 9.4 T. The lung ventilation chamber of 40 mm diameter allowed the rat lungs to expand without contacting the ventilation chamber walls. A pulse sequence consisting of 32 small (constant 12
• ) flip angle RF pulses spaced evenly in time at intervals of τ = 0.2 s was used to collect a spectrum at each time interval during inhalation by the lung and subsequent breath hold (see figure 2) . Only the spectra at sufficient time after breath hold were used for analysis. Specifically, data recorded at 0.4 -0.6 s after the observed maximum integrated intensity were used for T 1 fitting. This 'starting point' for the fitting was defined as experimental number n = 0 at time t = n · τ = 0 s. The natural logarithm of integrated signal, S(n), normalized by its value at n = 0, was fitted as a function of the experimental number n using
Equation (1) takes the polarization destruction occurring from the θ = 12
• flip angle RF pulse into account (Gao et al 1997 . The linear fitting was applied to data obtained between t = 0 s and t = 2.6 s because of non-linearity occurring after this time in all data sets.
Results and discussion
83 Kr hyperpolarization
83 Kr SEOP with the two 30 W line-narrowed diode array lasers generated a signal enhancement of 9300 times the thermally polarized 83 Kr signal at 9.4 T magnetic field strength and 290 K temperature. The spin polarization P of the thermally polarized spin I = 9/2 system was calculated through the following equation (Stupic et al 2011) :
where γ is the gyromagnetic ratio, k B is the Boltzmann constant, andh = h/2π is the Planck constant. Note that for I = He and 129 Xe. Equation (2) is valid for temperatures T |γ |hB 0 /k B , a condition that is fulfilled for 83 Kr at B 0 = 9.4 T at ambient temperature since |γ |hB 0 /k B ≈ 10 −3 K, and the thermal polarization is P 9.4 T,290 K 83 Kr = 4.7 × 10 −6 . (3) A SEOP signal enhancement of 9300 corresponds therefore to approximately 4.4% spin polarization, a two-fold improvement in spin polarization compared to previous work . This improvement was likely achieved because of a 1.2-fold increase in laser power, better laser alignment, and predominately laser line narrowing (i.e. 0.3 nm versus 2 nm used previously). The enhancement was calculated by comparison of the hp signal to the signal of thermally polarized krypton at 10.430 MPa with 116 scans and 600 s delay time between scans resulting to a signal with a signal to noise ratio of 130. The same radio frequency coil, probe head, pulse duration, and power were used for both samples.
The 4.4% spin polarization was obtained from a mixture of 25% krypton, 5% nitrogen, and 70% helium. Similar to 129 Xe (Driehuys et al 1996 , Mortuza et al 2003 and 131 Xe (Stupic et al 2011) , higher polarization is expected from SEOP with more dilute krypton mixtures. However, the increase in signal caused by the increase in polarization is offset by the signal decrease from dilution. In the case of 129 Xe, this concern is solved by separating the xenon from the other gases through a freeze-thaw cycle using liquid nitrogen. Unfortunately, the same method would severely depolarize the 83 Kr hyperpolarized state due to fast 83 Kr quadrupolar relaxation in the frozen state with T 1 < 10 s at 77 K (Cowgill and Norberg 1976) . A 25% krypton mixture has been shown to be a good compromise (Cleveland et al 2007) as long as practical hp 83 Kr concentration techniques are not available. It should be noted that, because of 11.5% natural abundance and because of gas dilution, effectively less than 3% of the 83 Kr isotope was present in the 'hp gas' used in this work.
Testing of ex vivo hp 83 Kr lung ventilation
Ventilation of the lungs with hp 83 Kr was achieved through a custom build delivery system that is depicted in figure 1. Following polarization buildup in the SEOP cell for 10-20 min at 135 kPa pressure, hp 83 Kr was delivered to a pre-evacuated (pressure < 10 Pa) 50 ml borosilicate glass syringe (Chemglass, Vineland, NJ)-i.e. injection syringe with variable storage volume V A -by pressure equalization as shown in figure 1(a). After delivery of approximately 40 ml of hp 83 Kr into V A , the valve between V A and the SEOP cell (denoted as valve 1) was closed, while the valve (i.e. valve 3) between the syringe V A and the transfer line with storage volume V B , was opened. This allowed for the controlled injection of hp 83 Kr from the syringe V A into storage container V B (see figure 1(b)) while keeping the gas pressure approximately constant. Using this delivery method, a sudden pressure rise and therefore premature entry of hp 83 Kr into the lung was prevented without the need for a valve in the high magnetic field detection region.
Any excess hp 83 Kr delivered beyond the capacity of storage container V B (expandable from 6 to 30 ml) was exhausted to open air. The hp 83 Kr was further transferred from V B into the lung using the ventilation syringe V s as described in section 2.3. The ventilation system enabled the ex vivo lungs to actively inhale the gas. Active inhalation was preferred over passive inflation by a pressurized gas because it is a better way to prevent depolarization of the fast relaxing hp 83 Kr. However, as an additional advantage, the active inhalation method more closely resembles the in vivo breathing process (i.e. through pleural pressure reduction) when compared to a forced inflation method using a pressurized gas. Figure 2 shows a series of 32 individual MR spectra (without spatial encoding) that were recorded every 0.2 s using a 12
• flip angle radiofrequency pulse before and during lung 83 Kr was forced into the lung during gas transfer from the injection syringe V A into storage container V B . The hp 83 Kr is inhaled into the lung when a suction is applied to the ventilation chamber at t = −1.2 s. At approximately t = −0.6 s, the lungs are reaching the desired inhalation volume V i . The 83 Kr T 1 relaxation reduces the observed signal as time progresses. At t = 0 s, the lungs are presumed to be static and lung movement no longer contributes to the temporal changes in the hp 83 Kr signal. The behavior of the signal decay at t > 0 s is discussed in the following section.
Determination of longitudinal 83 Kr relaxation in lungs
No attempt was made to spatially resolve the relaxation measurements; however, higher 83 Kr MR signal intensities may become available as a result of technological developments and/or a reduction in the prohibitively high costs for isotopically enriched 83 Kr. Note that in this publication the wording 'different zones of the lung' refers solely to differences between the more proximal airways (the major conducting airways i.e. trachea and bronchi), the more distal airways (the conducting airways at higher generation of branching, namely bronchioles), and the respiratory zones (i.e. the alveolar ducts and the alveolar sacs). The differentiation of these zones is intentionally kept coarse in order to allow for an initial interpretation of the results. , data acquired at or after t = 0 s (closed circle), and data acquired 2.6 s after t = 0 s (crosses). Only data recorded between t = 0 and 2.6 s (solid circles) are fitted to a linear function with a correction factor for the polarization destroyed by the RF pulse to calculate the T 1 value using equation (1).
The hp 83 Kr T 1 times in lungs where obtained from a series of 32 spectra, separated each by 0.2 s, each following a 12
• flip angle radiofrequency pulse as described in more detail in sections 2.4 and 3.2. In order to best measure the relaxation behavior, the series of MR scans were timed to commence approximately with the start of the inhalation process thus allowing the first few spectra to capture a part of the actual inhalation. The decay of the signal in the spectra during the 'breath hold' that followed the inhalation provided the crucial data for determining the T 1 relaxation time. A typical set of spectra, that is used for the relaxation measurements, is shown in figure 3(a) where the inhalation of 20 ml hp 83 Kr by an excised rat lung is monitored. Figure 4(a) shows the inhalation of 6 ml hp 83 Kr under otherwise identical conditions.
In both experiments, the lung inhalation with hp 83 Kr during the initial phase leads to a rapid increase in signal intensity observed in the spectral array until a maximum is reached. The occurrence of the signal maximum corresponds approximately to the point where the lungs have reached the selected inhalation volume V i . Note that the maximum signal intensity does . Experimental and fitting data for a V i = 6 ml lung inhalation of an ex vivo rat lung (inhalation scheme 1) under conditions otherwise identical to those described for the experiment in figure 3 (all symbols and markings used as in figure 3 ).
not necessarily coincide exactly with the end of the inhalation process because of insufficient (0.2 s) time resolution and also because of longitudinal relaxation during the inhalation phase. Therefore, data points used for the T 1 fittings start two spectra after the maxima (corresponding to 0.4 s after the maximum signal intensity) when the signal intensities start to follow a mono-exponential decay behavior as can be visualized in the semi-logarithmic graphs in figures 3(b) and 4(b). After this experimental time point, labeled as t = 0 s and marked in figures 3(b) and 4(b) by a diamond marker, the changes in the hp 83 Kr signal intensity are assumed to be caused by longitudinal relaxation (and perhaps by diffusion and convection-see arguments below) but not by changes in the lung volume.
Data used in the T 1 fittings extended from t = 0 s to t = 2.6 s without considering spectra collected after 2.6 s. The 2.6 s cutoff was chosen to eliminate deviations from monoexponential relaxation behavior as is apparent in the semi-logarithmic graphs. This deviation is likely caused by vastly different relaxation behavior between the relatively smaller respiratory zones and the larger airways. Depending on the inhalation level, a very high percentage of the signal intensity will initially arise from the smaller respiratory zones, in particular alveolar sacs and alveolar ducts but also by the nearby respiratory bronchioles with similar diameter as the alveoli and perhaps the distal airways such as the terminal bronchioles. Depending on the total ventilation volume, the respiratory zone accounts typically for more than 95% of the lung volume. A single rate constant appears to be a good description of the hp 83 Kr relaxation from this region (see fitted line in figures 3 (b) and 4 (b)). However, as time progresses, fast longitudinal relaxation in the high surface-to-volume ration alveoli reduces the relative contribution of the hp 83 Kr signal of this distal region compared to that of the proximal larger airways where the 83 Kr T 1 relaxation is slower. The relative contribution of the larger airways (with vastly different T 1 values) to the signal intensity will therefore rise over time and the decay will no longer have the appearance of single exponential relaxation. This point appears to be reached at t = 2.6 s, a time that is slightly more than two times the T 1 time of 83 Kr in the alveolar space, when the alveolar signal has decayed to about one tenth or less of the original intensity. Further data analysis after t = 2.6 s is difficult because of low signal to noise ratios. (Depending on the inhalation volume, the initial signal to noise ratio, S/N, is between 189 and 75 at t = 0 s. The S/N drops to values between 12 and 4 at t = 2.6 s.) Further, the hp 83 Kr in the larger airways will contribute substantially to the signal after this time and is therefore expected to decay at various relaxation time constants depending on the diameter of the airway. The situation may be further complicated by the possibility of migration of hp 83 Kr from the adapter tube where the 83 Kr relaxation is relatively slow with T 1 1 s. Although the adapter tube is outside the MR detection region, diffusion and convection of hp 83 Kr into the airways within the detection region may lead to an apparent slower 83 Kr relaxation in the lungs. If present, this effect will be pronounced for longer experimental time scales.
Influence of different inhalation schemes
Previously, 83 Kr T 1 was shown to be inversely dependent on the surface-to-volume ratio, S/V, of porous systems . The inverse dependence of 83 Kr T 1 times on the surfaceto-volume should also affect the 83 Kr T 1 relaxation in various regions of the lungs. Three different inhalation schemes were developed as a way to, as well as is possible, discriminate hp 83 Kr relaxation behavior in the larger airways from the relaxation in the alveoli and distal airways. The goal was to obtain first insights in 83 Kr longitudinal relaxation in these regions. In scheme 1, only hp 83 Kr gas mixture was used for inhalation. This scheme was applied for the experiments as shown in figures 2-4. The outer glass tube of storage container V B had a volume of 6 ml, but an additional fitted glass extension tube was available to expand the volume of stored hp 83 Kr gas to V B = 30 ml. The extended storage container V B enabled the lungs to inhale up to V i = 20 ml of hp 83 Kr depending on the suction applied by the ventilation syringe. Inhalation volumes V i > 20 ml would have likely exceeded the lung capacity and were not attempted.
Scheme 1 does not discriminate between major airways and alveoli because the inhaled hp 83 Kr is present in the respiratory zone and the anatomical dead space (i.e. the airway encompasses all generations of branching down to the terminal bronchioles) as sketched in figure 5(a) . The lung regions filled with hp 83 Kr are depicted in light blue color (or light gray in black and white representation) and all regions contribute to the observed signal in this inhalation scheme. However, the airways contribute only to about 5% of the total lung volume. As a consequence, relaxation initially appears to be mono-exponential but then deviates from this behavior as time passes as discussed in the previous section.
Scheme 2 used non-hp gas that is not detectable by the MR scanner under these experimental conditions, in combination with hp 83 Kr. The non-hp gas is referred to in this publication as 'thermal' or 'dark' gas. In scheme 2, a determined volume V dark i of thermal gas was inhaled into the lungs prior to ventilation with hp 83 Kr. Thermally polarized 83 Kr, which does not produce a detectable MR signal under the conditions used in these experiments, can serve as dark gas. Normal air, which does not contribute at all to signals at the 83 Kr frequency, can also be used (see section 3.8 on the effects of oxygen). Specifically, volumes of V In these sketches, dark gas (i.e. thermal gas with no appreciable MR signal) is symbolized by red color (dark gray in 'black and white' representation) while hp 83 Kr is represented by light blue (light gray). The underlying assumption is that gas inhaled during the initial phase of the breath take is more likely to be found in the distal airway and alveoli region than gas inhaled during the later phase of the breath take. Admittedly, this assumption constitutes a simplified model of the breathing process that ignores that different lobes of the lung expand at different times in the breathing cycle and/or other complexities such as mixing that occur during inhalation. Furthermore, the presence of many surface-to-volume ratios at different generations of branching of the airways cannot be quantified. Even in the simplified model, the largest contribution to the hp 83 Kr signal will originate from the alveolar region of the lung due to the small total overall volume of the conducting airways, which typically contribute 5% or less to the overall lung volume (Fowler 1948 , Heller et al 1999 . Nevertheless, scheme 2 should direct hp 83 Kr more toward the proximal airways than scheme 1, and scheme 2 is therefore expected to provide the slowest longitudinal relaxation.
As an example for data obtained from one lung specimen (N = 1), figure 6 shows a resulting set of decay curves for different inhalation schemes using a total inhalation volume of V i = 20 ml. Two different volumes of thermal gas, V dark i = 6 ml and V dark i = 12 ml have been used with scheme 2. Figure 6 shows a tendency that is further confirmed when the averages of T 1 values of lung specimens from five individual rats (N = 5) with at least two repeat measurements per specimen are taken. As reported in table 1, the slowest T 1 time of 1.48 ± 0.07 s was indeed observed with scheme 2 using V dark i = 12 ml, whereas T 1 of 1.31 ± 0.05 s was observed for V dark i = 6 ml. By comparison, the data for V i = 20 ml using scheme 1 with V deviation of the calculated averaged value obtained from at least 10 T 1 measurements. The data demonstrate the increase in the relaxation time with increasing 'dark' inhaled gas volume.
Scheme 3 used an initial inhalation of V hp i = 6 ml hp 83 Kr gas immediately followed by inhalation of thermal gas until the selected total inhalation volume V i was reached. In this case, the transfer of dark gas had to occur rapidly after the hp 83 Kr inhalation in order to minimize polarization losses through fast 83 Kr relaxation in the lungs. This was accomplished by transferring hp 83 Kr into the minimum possible storage volume of V B = 6 ml (i.e. with glass extension tubes removed from storage container V B ). The lungs were then inflated using suction with the ventilation syringe to achieve the final inhalation
. Assuming relatively little gas mixing in the narrow tube of storage container V B during the approximately 1 s inhalation period, any gas inhaled beyond V hp i = 6 ml would be largely thermal gas that enters storage container V B through its exhaust opening to the ambient atmosphere (figure 1).
Using analogous arguments to those presented for scheme 2, the procedure of scheme 3 should direct hp 83 Kr toward the respiratory zones and the distal airways as opposed to the larger proximal airways ( figure 5(d) ). As a consequence, the already weak hp 83 Kr signal from the relatively small volume of the proximal airways would be further suppressed at moderate inhalation volumes. Even the relative signal contribution from the distal airways is probably reduced compared to that from the alveoli. This assumption is supported by the observation Table 1 . Longitudinal relaxation times for ex vivo experiments using rat lungs at different inhalation volumes V i and different inhalation schemes. T 1 values are averages of T 1 data of lung specimens from five individual rats with at least two repeat measurements per specimen. The error values shown are one standard deviation from the calculated averaged value obtained from the (at least) ten T 1 measurements. (Note that the fittings were not error weighted by the signal to noise ratio of the spectra and the fitting accuracy was not considered for the error calculation. However, the fitting error of the individual T 1 measurements is about one order of magnitude smaller than the standard deviation value between the individual T 1 measurements. Examples of relaxation curves are shown in figure 6 ).
Inhalation scheme 2 Inhalation scheme 2 Inhalation scheme 3
Kr Inhalation scheme 1 thermal gas thermal gas gas at start Inhalation volume Only hp 83 Kr at start of at start of of inhalation
+ V hp i gas inhalation followed inhalation followed followed by thermal
by hp 83 Kr by hp 83 Kr (non-hp) gas
3 ml 2.11 ± 0.75 6 ml 1.57 ± 0.16 9 ml 1.43 ± 0.10 2.00 ± 0.16 1.20 ± 0.13 12 ml 1.31 ± 0.08 1.57 ± 0.07 1.07 ± 0.08 15 ml 1.29 ± 0.12 1.42 ± 0.09 2.19 ± 0.29 1.01 ± 0.09 18 ml 1.28 ± 0.08 1.36 ± 0.05 1.58 ± 0.08 1.01 ± 0.07 20 ml 1.25 ± 0.07 1.31 ± 0.05 1.48 ± 0.07 1.00 ± 0.08 20 ml (20% O 2 ) a 1.25 ± 0.01 20 ml (40% O 2 ) b 1.22 ± 0.01 a,b The measurements with 20% and 40% oxygen were limited to 1 rat lung specimen (total) with three and two repeat measurements, respectively. that the steepest slope occurs for scheme 3, as shown in figure 6. Scheme 3 lead to an averaged relaxation time of T 1 = 1.00 ± 0.08 s for V i = 20 ml (see table 1).
Longitudinal relaxation times in lungs as a function of lung inhalation
The inhalation schemes discussed in the previous section were applied to a series of inhalation volumes ranging from V i = 3 to V i = 20 ml in rat lungs. The resulting T 1 times are presented as a function of V i in figure 7 and numerically in table 1. Each relaxation time is the average of measurements from lung specimen of five individual rats and of at least two T 1 fittings per inhalation volume and specimen. The relatively small deviation in the relaxation data obtained from lungs of different individual rats (similar age and weight, 3 months old and 350-425 g, respectively) substantiates the generality of the results. One trend discussed in context with figure 6 is observed for all inhalation volumes: scheme 2 provides the longest T 1 values for a chosen total inhalation volume V i , followed by scheme 1, while the shortest T 1 times are found for scheme 3.
As the inhalation volume increases for all inhalation schemes, T 1 times become either shorter or remain constant. A statistically significant slowing of the relaxation with increasing V i is never observed. The T 1 times found with inhalations in scheme 2 decrease monotonically with increasing V i over the measured range. The relaxation time decrease is more pronounced for V relaxing signal of the larger airways to the overall signal cannot be neglected at any inhalation volume V i for scheme 2.
Experiments using scheme 3 were designed to suppress the hp 83 Kr signals from the larger airway and therefore to obtain the T 1 times of 83 Kr in respiratory zones. Scheme 3 was performed with total inhalation volumes V i ranging from 9 to 20 ml. As with scheme 1, the T 1 times observed with scheme 3 decrease and eventually stabilize at about 12 ml total inhalation volume V i . While some mixing may have occurred in the inhalation process, the hp 83 Kr gas at high V i is expected to be more confined to the respiratory zones and the distal airways such as bronchioles and smaller bronchia. This assumption is supported by the measurements with scheme 3 that resulted to T 1 ≈ 1.0 s for V i 12 ml. This value is significantly shorter than the corresponding value of T 1 ≈ 1.3 s obtained with scheme 1 for V i 12 ml.
Consequences for models of alveolar recruitment
The complete absence of an increase in 83 Kr T 1 times with increasing lung inhalation in the distal part of the lung warrants consideration. This observation is reminiscent to the finding that inhalation volume independent ADC is observed in diffusion measurement with 3 He in lungs (see for instance Gierada et al (2009) . However, ADC is determined on much shorter timescales, typically 1-3 ms, and the hp gas probes therefore a much smaller region (Yablonskiy et al 2002) than the relaxation measurements of 2.6 s duration reported here. Note that a free diffusing gas of similar composition would display centimeter-sized mean displacements during the 2.6 s time period, as estimated from D = 0.63 cm 2 s −1 for diffusion of krypton in helium and D = 0.15 cm 2 s −1 for diffusion of krypton in nitrogen at 293 K (Lide 2001) . The inhalation volume independent 83 Kr T 1 times in the more distal part of the airways indicate constant surface-to-volume ratio in the area probed by the krypton atoms . This finding is somewhat unexpected since the surface, S, to volume, V, ratio (S/V) of the lung should decrease with increasing inhalation volume, assuming the S/V of the alveoli behave similar to an expanding balloon or sphere where V ∝ r 3 and S ∝ r 2 . However an apparently constant surface-to-volume ratio observed through hp 83 Kr MR could be explained by rapid recruitment of alveolar regions into the inflated state of constant surface-to-volume ratio without further changes during continuing inhalation. Although the surface-to-volume ratio of the lung should decrease with increasing inhalation (based again on the underlying assumption of an expanding sphere model), the hp 83 Kr MR signal originates only from inflated alveoli that are already expanded to their final surface-to-volume ratio. Alveoli that are not yet inflated are still void of hp 83 Kr and cannot contribute to the MR signal. Following this assumption, the gradual process of inhalation might be a consequence of many different alveolar regions expanding rapidly but at different times rather than of a gradual, continuously ongoing alveolar expansion. The size of these regions could range from macroscopic areas of the lung lobes down to small groups of individual alveoli. Arguments based on surface tension would also support the uniform expansion of neighboring alveoli with common water/surfactant surface layers (Escolar and Escolar 2004) . Alternatively, the underlying assumption that the S/V of expanding alveoli behave similar to that of expanding (micro) spheres maybe wrong. Whatever cause will ultimately be identified to be responsible for the inhalation volume independence of the 83 Kr T 1 relaxation, it leads to easily reproducible 83 Kr relaxation measurements that may facilitate future diagnosis of damaged lungs for which analysis of T 1 times may provide a biomarker.
3.7.
83 Kr T 1 times in rat lungs using breathable hp 83 Kr mixtures with oxygen Molecular oxygen in breathable noble gas mixtures causes paramagnetic relaxation of the noble gas nuclei. For instance, the longitudinal relaxation time of 129 Xe is reduced from hours (or even days in the case of 3 He) to 10-20 s in the presence of 20% oxygen (Jameson et al 1988 , Saam et al 1995 , Moller et al 2002 . However, the T 1 time of a nuclear spin I caused by intermolecular paramagnetic relaxation is dependent on the square of the gyromagnetic ratio γ of this nuclear spin (Abragam 1961 ):
A 50-fold reduced paramagnetic relaxation rate, T However, the relaxation also follows a T −1 1 ∝ r −6 dependence, with r as the distance of the nuclei from the paramagnetic spins during the noble gas-oxygen interaction. The distance, r, can be estimated by the van der Waals radii of the noble gas atoms, resulting to the ratio r −6 129 Xe /r −6 83 Kr ≈ 0.55. Further factors are the different rates for binary gas phase collision and, if present, the different lifetimes for noble gas-oxygen van der Waals complexes. However, it is unlikely that these factors will offset the dominating influence originating from the large difference in gyromagnetic ratios (note that (γ 3 He /γ 83 Kr ) 2 ≈ 390). Therefore, the low gyromagnetic ratio of 83 Kr (4% of that of 1 H) provides a distinct advantage in preserving hyperpolarization in the presence of oxygen. This advantage can of course only be utilized if the inherently low signal intensity with such low γ value is sufficiently boosted through hyperpolarization.
The effect of oxygen upon 83 Kr relaxation in rat lungs was studied by inhaling 18 ml of a mixture of hp 83 Kr with molecular oxygen using inhalation scheme 1. After oxygen delivery using the injection syringe V A , hp 83 Kr was added and a 10 s delay allowed for the mixing of the two gases within the 27 mm inner diameter syringe. The gas mixture was then transferred into storage container V B where it was available for inhalation by the lung. The relaxation time of 83 Kr in a mixture with 20% oxygen was 1.25 ± 0.01 s in three replicate measurements with a single lung specimen. Increasing the oxygen concentration to 40%, the T 1 value was 1.22 ± 0.01 s from two replicate measurements with the same specimen. The T 1 times obtained with both oxygen mixtures are within the error of T 1 = 1.25 ± 0.07 s recorded in the absence of oxygen under otherwise identical conditions. Thus, the presence of oxygen in a breathable gas mixture has no appreciable effect on 83 Kr T 1 in the rat lungs. However, the 20% oxygen mixture lead to an approximately 25% reduction in the MR signal because of the reduced hp 83 Kr concentration and the relaxation during the 10 s mixing phase before inhalation.
Conclusions
Alkali metal vapor free hp 83 Kr with 4.4% spin polarization was generated in a mixture of 25% krypton in helium and nitrogen. The resulting hp 83 Kr MR signal intensity was sufficient despite the natural abundance of krypton gas with only 11.5%
83 Kr and the experimental four-fold dilution in the gas mixture. A custom-built hp gas delivery system and a ventilation chamber allowed for hp 83 Kr to be actively inhaled ex vivo by isolated rat lungs. The 83 Kr T 1 times in the rat lungs ranged from 1.0 to 2.2 s depending on the lung inhalation volume and the applied inhalation scheme.
The 83 Kr T 1 relaxation accelerated with increasing lung inhalation volume when the inhalation scheme did not suppress the hp 83 Kr signal from the proximal airway region. This effect was attributed to the change in the relative contribution of the slower relaxing hp 83 Kr in proximal airways compared to the faster relaxing hp 83 Kr in distal airways. With higher inhalation volume, this ratio shifted toward the hp 83 Kr signal in the alveolar region and thus the apparent relaxation time was shorter.
The hp 83 Kr relaxation times were independent of the inhalation volume if the signal from the proximal airways was largely suppressed through usage of inhalation schemes that directed hp 83 Kr toward the distal airways. Depending on the degree of hp 83 Kr direction toward the distal airways, the inhalation volume independent relaxation times were T 1 = 1.3 s (scheme 1) and T 1 = 1.0 s (scheme 3).
At least three aspects of the observations made merit further consideration: (1) the T 1 times in rat lungs were long enough for in vivo usage of hp 83 Kr MRI since rats typically breathe at a rate of 1-5 times per second. (2) The inhalation volume independent hp 83 Kr T 1 relaxation in the distal airways allowed for reproducible measurements. This may be useful for diagnostic studies if pulmonary diseases affect the 83 Kr T 1 times. This possibility is further strengthened by the observation of very little deviation in the 83 Kr T 1 times between different lung specimens. (3) The inhalation volume independent hp 83 Kr T 1 relaxation suggests a constant, inhalation level independent surface-to-volume ratio in the alveolar region. This preliminary finding supports alveolar recruitment models that postulate a rapid inflation of individual alveolar regions into an expanded state rather than a slow expansion throughout the breathing process.
Finally, the quadrupolar driven T 1 relaxation of 83 Kr in the rat lungs was not affected by the presence of up to 40% oxygen. This finding may further facilitate future use of hp 83 Kr for pulmonary studies in vivo.
